Obesity is associated with insulin resistance, the metabolic syndrome (a clustering of three or more of increased waist circumference, blood pressure, fasting glucose and fasting plasma triacylglycerol levels and reduced HDL levels), and a marked increase in the risk of type 2 diabetes and CHD. The impact of obesity differs between individuals, particularly between men and women and between ethnic groups. For example, in South Asians, although overall obesity is less prevalent, central obesity and the metabolic syndrome are more prevalent than in Europeans and this pattern is associated with the development of type 2 diabetes and CHD at an earlier age. It is important to examine individual risk factors contributing to obesity because they may have a different impact in population subgroups. Many factors contribute to the aetiology of obesity and there is increasing evidence to suggest that altered early development is one such factor and is associated with abnormal fat accumulation, the metabolic syndrome and type 2 diabetes in later life. The present review presents this evidence and discusses some of the mechanisms that may be involved in the pathogenesis of the programming of obesity.
Introduction
Multiple factors contribute to the development of obesity and the relationship between these factors is complex. Man and animals only develop obesity if overall energy intake exceeds energy expenditure. Recent evidence shows the powerful influence of certain genes in predisposing affected individuals to develop obesity, particularly in association with exposure to environmental risk factors. In contrast, the influence of genetic factors to the development of obesity appears to be of limited relevance to the general population, with environmental factors having the major contribution. Factors other than environmental influences (for example, genes, programming) may be more relevant to fat distribution than to overall obesity (Rogers, 2003) . Although obesity has been present in human populations throughout history, in the last 20 years there has been a marked increase in the prevalence of this condition. Obesity has an important adverse effect on longevity as exemplified by the fact that obesity and smoking are associated with similar reductions in life expectancy ( Fig. 1 ; Peeters et al. 2003) .
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Definition and measurement of obesity and body composition
It is important to describe the definition of obesity because there are many different measures that can be used to assess it; for example, percentage body fat and fat distribution. Both of these factors are important because amount and locality of fat distribution have differing metabolic consequences. A variety of measurement tools are available for assessing overall obesity and fat distribution but it is beyond the scope of the present review to discuss these in detail. Some are more appropriate for screening large populations whereas others are suitable only for small studies designed to explore the mechanisms of disease. The simple methods that are useful for assessing large populations will be discussed in the present paper, in particular the relative merits of measuring BMI, waist circumference and the waist:hip ratio (WHR) as these are the commonly used measures in epidemiological studies that have examined the relationship between obesity and early development. The utility of these measurements will be discussed for various population subgroups. The most widely used measure of overall obesity in adults is a measure of weight adjusted for height, the BMI (Quetelet index), calculated as weight (kg)/height (m) 2 . BMI is closely correlated with more sophisticated measures of obesity and, as such, is a useful screening tool (Després et al. 2001) . It has been widely used in population studies and predicts the future development of diabetes (Chan et al. 1994; Lamon-Fava et al. 1996; Pyorala et al. 2000; von Eckardstein et al. 2000; Hu et al. 2001; Law & Wald, 2002 (Dudeja et al. 2001) . Based on the results of this study it was suggested that a BMI > 22·5 kg/m 2 should be used to define overweight in South Asian men and BMI > 19 kg/m 2 to define overweight in South Asian women (Dudeja et al. 2001) . Across other Asian populations, definitions for obesity have ranged from BMI > 25 kg/m 2 to BMI > 27·5 kg/m 2 (Deurenberg et al. 2002) . In contrast, although there are considerable differences in body composition between individuals of Afro-Caribbean and European origin there is close correlation between BMI and total fat percentage. Therefore it is reasonable to use the same BMI indices of overweight and obesity in these populations (Gallagher et al. 1996; Fernandez et al. 2003) with the caveat that BMI is not a good measure of obesity in the elderly (Deurenberg et al. 1989; Rimm et al. 1995; Elia, 2001 ). There are survival advantages for women to be able to store excess energy for future pregnancy; in particular 'pear-shaped' women with lower-body gynoid fat, rather than central android fat, may have no associated metabolic abnormalities (Brochu et al. 2001) . Women with lowerbody obesity have more favourable fat metabolism with an increased suppression of upper-body-fat lipolysis, compared with those with more abdominal and upper-body fat (Martin & Jensen, 1991) . Waist circumference is particularly important in identifying a subgroup of the population having central android obesity, despite a BMI in the normal range (Han et al. 1995) . Waist circumference is the best surrogate for visceral fat as measured by magnetic resonance imaging or computerised tomography scanning (Rankinen et al. 1999; Després et al. 2001 ) and identifies individuals with other features of the metabolic syndrome (von Eckardstein et al. 2000) . Waist circumference measurement has been suggested as an alternative screening method to BMI to identify obese individuals (Lean et al. 1995; Janssen et al. 2002) . Based on data from the MON-ICA study, a large epidemiological study of cardiovascular risk in multiple populations, height, BMI, age and population explained about 80 % of the variance in waist circumference with BMI being the predominant determinant (Molarius et al. 1999) . However, height, BMI, age group and population accounted only for 49 % (men) and 30 % (women) of the variation in WHR (Molarius et al. 1999) . WHR in men largely reflects increasing waist circumference (Rankinen et al. 1999) , and may be less useful than waist circumference alone in predicting the subsequent development of diabetes (Chan et al. 1994) . WHR may be more useful in women in whom there is greater variety in the pattern of stored fat. Several factors are involved in determining whether women have predominantly lowerbody fat in a typical gynoid distribution, or whether they have an android or male pattern of central fat distribution.
These factors include inherited tendencies and time of weight gain, with weight gained after the menopause also being important (Toth et al. 2000) .
Relevance of visceral adiposity: insulin resistance, metabolic syndrome, type 2 diabetes mellitus and coronary heart disease
The increasing prevalence of obesity worldwide is having an important impact on the development of type 2 diabetes and CHD and it is therefore important to understand the factors contributing to body composition and the lean body mass:fat mass ratio. Both type 2 diabetes and IHD share risk factors in common, suggesting that these conditions share a common aetiology. Resistance to the biological actions of insulin or insulin resistance and the accompanying features of the metabolic syndrome are central to this shared aetiology. Features of the metabolic syndrome could account for much of the increased risk of type 2 diabetes and CHD that occurs with obesity, although importantly the impact of these features of the metabolic syndrome differs between ethnic groups (for a review, see Anand et al. 2003) . Interestingly, in African-Americans the prevalence of type 2 diabetes is increasing more rapidly than in Europeans; some of this increase may be attributable to the increased prevalence of obesity. In NHANES II conducted from 1976 to 1980 the prevalence of diabetes was 9·9 % in AfricanAmericans compared with 6 % in white Americans (Anand et al. 2003) . Although differences in black and white cardiovascular mortality may in part be attributable to more prevalent hypertension and poverty, the increase in type 2 diabetes is also probably an important contributing factor. Although South Asians have an increased prevalence of and mortality from CHD than among European populations, individuals do not have increased traditional cardiovascular risk factors such as smoking, hypertension or increased LDL-cholesterol (Anand et al. 2003) . In this ethnic group glucose intolerance, abdominal obesity and the metabolic syndrome features appear to be the dominant factors associated with the development of CHD. The cluster of features of the metabolic syndrome is also associated with decreased fibrinolysis, increased C-reactive protein, increased cytokines such as IL-6 and IL-1β, and enhanced thrombogenesis, supporting the notion that there is evidence of disturbances of coagulation, fibrinolysis and vascular inflammation; all of these factors are particularly prevalent in South Asians. The explanation for these findings is uncertain but the features described earlier (p. 154) are strongly associated with the presence of visceral adiposity and insulin resistance in this ethnic group.
Therefore the programming of obesity in each ethnic group may differentially influence features of the metabolic syndrome, CHD and/or type 2 diabetes within individual populations. Consequently it is important to understand all of the factors contributing to the development of fat mass within population subgroups.
Programming of the metabolic syndrome
During early development the individual may respond to one or more insults by responding in a manner that, although immediately beneficial, has longer-term adverse consequences. Thus early adaptive changes may initially confer a benefit but if 'programmed' may confer a longerterm disadvantage. For example, a reduced birth weight may be a favourable response to an adverse intra-uterine environment but it is now well established that low birth weight is associated with the development of type 2 diabetes and CVD in adulthood.
Within the last decade Hales, Barker and colleagues have undertaken follow-up studies to determine whether lower birth weight as a marker of altered early development was related to the occurrence of the metabolic syndrome, impaired glucose tolerance (IGT) and type 2 diabetes (Hales et al. 1991; Hales & Barker, 1992) . To discover whether reduced fetal and infant growth is associated with type 2 diabetes and IGT in adult life, these investigators followed up men born during 1920-30 whose birth weights and weights at 1 year were known in Hertfordshire, England (n 468). This group of men, born in east Hertfordshire and still living there, had measurements taken of a range of biochemical parameters including fasting plasma glucose, insulin, pro-insulin, and 32-33 split proinsulin concentrations and plasma glucose and insulin concentrations 30 and 120 min after a 75 g glucose challenge.
Of these men, ninety-three men had IGT or undiagnosed diabetes. These men also had had a lower mean birth weight and a lower weight at 1 year. The proportion of men with IGT fell progressively from 26 % (6/23) among those who had weighed 8·16 kg (18 lb) or less at 1 year to 13 % (3/24) among those who had weighed 12·25 kg (27 lb) or more. Corresponding values for diabetes were 17 % (4/23) and nil (0/24). Plasma glucose concentrations at 30 and 120 min fell with increasing birth weight and weight at 1 year. Interestingly these trends were significant and independent of current body mass (Hales et al. 1991) . The second study included 266 men and women born in Preston, UK, between 1935 and 1943 whose size at birth had been measured in detail (Hales & Barker, 1992) . The prevalence of the metabolic syndrome fell progressively in both men and women, from those who had the lowest to those who had the highest birth weight. Of 64-year-old men whose birth weight was 2·95 kg (6·5 lb) or less, 22 % had the metabolic syndrome. Their risk of developing the metabolic syndrome was more than ten times greater than that of men whose birth weight was more than 4·31 kg (9·5 lb). Importantly, the association between the metabolic syndrome and low birth weight was independent of the duration of gestation and of possible confounding variables including cigarette smoking, alcohol consumption and social class currently or at birth. Interestingly, in addition to low birth weight, subjects with the metabolic syndrome had smaller head circumference and lower ponderal index at birth, and lower weight and below-average dental eruption at 1 year of age compared with subjects who did not have the metabolic syndrome. The findings from these two studies suggested that the metabolic syndrome and type 2 diabetes in adulthood was associated with a generalised alteration in early development. Other investigators have more recently also described the association between low birth weight and increased rates of type 2 diabetes in later life in other populations (Lithell et al. 1996; Rich-Edwards et al. 1999; Forsen et al. 2000) , providing further support for the original findings.
The available data also suggest that low birth weight is more closely associated with truncal fat deposition. Given the association between truncal fat and insulin resistance, an association between truncal fat and low birth weight may have important implications for the development of type 2 diabetes and CHD. In support of this statement, a group of 564 young adult Mexican-American and nonHispanic white men and women participants of the San Antonio Heart Study were studied. Subjects were divided into tertiles of birth weight and metabolic, anthropometric, haemodynamic, and demographic characteristics were compared across these tertile categories (Valdez et al. 1994) . Birth weight was studied as a predictor of the clustering of diseases associated with the metabolic syndrome. Normotensive, non-diabetic individuals whose birth weight was in the lowest tertile had significantly higher levels of fasting serum insulin and more truncal fat deposition than individuals whose birth weight was in the highest tertile, independently of sex, ethnicity, and current socio-economic status. Thus, these data suggest that an altered early development predisposes to visceral fat accumulation and insulin resistance in these ethnic groups.
Altered early development and rapid postnatal growth
In attempting to explain the relationship between insulin resistance, IGT, type 2 diabetes and low birth weight, it is important to study the relationships between the accumulation of body fat in childhood and adult development of this phenotype occurring later in life. Low birth weight combined with rapid postnatal growth during infancy appears to be linked to an increased risk of obesity and its sequelae in later life. Rapid postnatal growth appears to be independent of birth weight and the timing of the adiposity rebound during mid-childhood is also an important predictor of later obesity. The timing, magnitude, and duration of adolescent growth and maturation are linked to critical changes in body composition, including the normal acquisition of body fat as shown in a study in Finland. A sample of 8760 men and women who were born at Helsinki University Central Hospital during 1934 and 1944, who attended child welfare clinics in the city of Helsinki, and who were still resident in Finland in 1971 were studied. On average, each individual had eighteen measurements of height and weight between birth and 12 years of age. The investigators identified a total of 290 individuals who had developed type 2 diabetes in adult life from the initial cohort of 10 519 individuals who had birth and child welfare records. The cumulative incidence of type 2 diabetes decreased progressively from 8·6 % in individuals whose adiposity rebound occurred before the age of 5 years to 1·8 % in those in whom it occurred after 7 years (P<0·001). Early adiposity rebound was preceded by low weight gain between birth and 1 year (P<0·001). Thus, insulin resistance and type 2 diabetes share common associations with retarded fetal growth and accelerated growth during childhood. However, the authors concluded that insulin resistance and type 2 diabetes are dissimilar in that insulin resistance was associated with thinness in childhood and low maternal BMI, whilst type 2 diabetes was associated with high BMI in childhood and high maternal BMI. An explanation for this unusual finding is not forthcoming and further studies are required to confirm or refute the apparently different associations for insulin resistance and type 2 diabetes. Although the Finnish register did not distinguish between patients with type 1 and type 2 diabetes, these investigators had previously compared the national medication database with the national hospital discharge register and had shown that about 90 % of those diagnosed after the age of 40 years and receiving medication had type 2 diabetes (Eriksson et al. 2002) . To follow and predict adiposity rebound during childhood, individual adiposity curves assessed by the BMI were drawn for 151 children from the age of 1 month to 16 years of age in another study (Rolland-Cachera et al. 1984) . These data show that adiposity increases during the first year of life and then thereafter decreases in childhood. A renewed rise (the adiposity rebound) occurs at about 6 years of age. This study also showed a relationship between the age at adiposity rebound and final adiposity. An early rebound (before 5·5 years of age) was followed by a significantly higher degree of adiposity than a later rebound (after 7 years of age). This phenomenon was observed whatever the subject's adiposity at 1 year of age. Thus, given the importance of the finding by Erikkson et al. (2002) , an early adiposity rebound in childhood may contribute to adult adiposity, the metabolic syndrome and type 2 diabetes.
Programming of fat mass
The relationship between maternal nutrition and offspring adipocyte abnormalities has been studied over the last few decades and much of the original work has been undertaken in rats (Jones & Friedman, 1982; Enns et al. 1983; Jones et al. 1984 Jones et al. , 1986 Jones & Dayries, 1990) . Results from these authors show that when pregnant rats are underfed during gestation, offspring develop increased adipose tissue, although it should be noted that often differences in various parameters such as fat-cell size, fat-pad weight and carcass lipid content were noted between male and female offspring. However it is probable that the development of obesity and increased fat mass is not solely dependent on adipocyte proliferation and function. In considering the development of obesity and its relationship to features of the metabolic syndrome in man, it is particularly important and relevant to consider the two other major organs in the body that are specifically dependent upon the actions of insulin, namely the liver and skeletal muscle. Whole-body insulin resistance develops as a consequence of resistance to the biological actions of insulin in the liver, skeletal muscle and adipose tissue. Given the heterogeneity of the metabolic syndrome phenotype in adults, it is probable that different degrees of insulin resistance occurring in the liver, skeletal muscle and adipose tissues may affect the development of obesity. Moreover, insulin resistance in these tissues and other features of the metabolic syndrome will contribute to an increased risk of atherosclerotic vascular disease later in life. In a cohort of 4630 men who were born in Helsinki during 1934-44, 357 boys who in later life were either admitted to hospital with CHD or who had died from CHD were identified (Barker, 2002) . Growth parameters were assessed in this cohort and growth was compared in individuals who had suffered CHD compared with controls. The results of this comparison were expressed as standard deviations or Z scores. The Z score for the cohort is set at zero, and a boy maintaining a steady position as large or small, in relation to other boys, would follow a horizontal path on the graph (Fig. 2) . Interestingly, boys who later developed CHD were small at birth, remained small in infancy, but had accelerated gain in weight and BMI thereafter. By contrast, their heights remained below average, which is consistent with the known association between CHD and short adult stature. Findings in girls were similar, but among those who later developed CHD, accelerated weight gain began at about the age of 4 years. Thus, these data suggest that the timing of the 'adiposity rebound' is crucial and an earlier 'adiposity rebound' with increased weight gain, relative to height gain, predisposes to future CHD. These data suggest that an individual with an early adiposity rebound would be predisposed to a more 'rounded' adult shape, perhaps with central obesity and features of the metabolic syndrome.
Given that the timing of the 'adiposity rebound' is important in predisposing individuals to future obesity, it is important to consider whether maternal factors influence this development in the offspring. Specifically, does maternal energy deprivation during gestation influence body composition in the developing offspring? Data from the Dutch Famine Birth Cohort Study attempt to address this question. Records were examined for 734 women receiving at least 1 month of prenatal care and delivering live-born singleton females at the University of Amsterdam Teaching Hospital between August 1944 and April 1946 (Stein et al. 1995) . This period preceded, encompassed, and followed the Hunger Winter, a severe famine. After adjusting for covariates, the authors found a threshold effect, with weight loss or low to moderate (≤ 0·5 kg/week) weight gain being strongly associated with offspring birth weight, length, and ponderal index, and with trimester of famine exposure. Thus, these data suggest that the relationship between maternal nutrition and offspring body composition is complex. Acute maternal nutritional deprivation may only affect fetal growth below a threshold level of maternal energy intake and this effect seems not to be affected by the mother's own birth weight (Lumey & Stein, 1997).
Programming of obesity in different ethnic groups
Given that it is now well established that South Asians are at increased risk of developing type 2 diabetes and CHD compared with Europeans, it is important to consider whether South Asians develop a greater fat mass relative to lean body mass during early development. Evidence of this phenomenon might suggest that the influence of early development on fat accumulation and distribution is relevant to the pathogenesis of type 2 diabetes and CHD. Interesting data from Pune in India suggest that early fat deposition is greater in South Asian offspring. Yajnik et al. (2002) showed that small Indian newborn babies preserve subcutaneous fat (measured as skinfold thickness) compared with white European babies. Subscapular adiposity was better preserved than the triceps adipose tissue. These data suggest a tendency in Indian babies to truncal fat deposition during intra-uterine development. Leptin levels, a marker of total body fat content, were similar in Indian and European babies. By contrast, Indian babies were small in abdominal circumference (suggesting smaller viscera) and small in mid-upper-arm circumference (suggesting smaller skeletal muscle mass). These findings suggest that Indian babies develop increased visceral adipose tissue and a reduced muscle mass compared with European offspring. Development of a reduced muscle mass may have little consequence in the presence of limited adult energy intake and high levels of physical activity. However, persistence of this South Asian body habitus into childhood and early adulthood may have more sinister consequences for the risk of CHD and type 2 diabetes, particularly if individuals consume an energy-dense Western diet and are physically inactive.
Relationships between early development and adult obesity may differ between ethnic groups. Recent interesting data from 267 singleton births from four ladino Guatemalan villages show that the relationships between early growth and adult fatness are complex (Li et al. 2003) . Although these authors showed that both prenatal and postnatal growth retardation in early childhood during the first 2 years of life were associated with shortness and less fat-free mass in adulthood when the subjects were between 21 and 27 years, the results did not show that retardation in length during early childhood increased fatness in later life. In contrast, the findings suggested that subjects, particularly women, who were growth retarded during early childhood were thinner as adults. Thus, more data from different ethnic groups are needed to elucidate the precise relationship between early development and future levels of adiposity and lean mass in adulthood.
Programming of lean body mass
In considering the programming of obesity it is important to consider the early developmental influences on lean body Barker, 2002.) mass and particularly muscle mass, as skeletal muscle activity has a major impact on insulin sensitivity. Given that BMI is a poor proxy for body composition (as discussed earlier; p. 154), it is important to assess lean mass and fat mass as components of body weight. It is probable that the programming of lean body mass and specifically skeletal muscle mass has an important impact on the development of features of the metabolic syndrome in adulthood. To date, however, there is limited information available to address this issue. However Singhal et al. (2003) assessed body fat mass and fat-free mass by both skinfold-thickness measurement and bioelectrical impedance analysis in seventy-eight adolescents aged between 13 and 16 years who were part of a study that investigated the early origins of CVD. Body composition was also assessed by dual-energy X-ray absorptiometry in a separate group of younger children. These authors showed that an increase in birth weight of 1 SD was significantly associated with a 0·9-1·4 kg (2-3 %) increase in fat-free mass in adolescents but not with an increase in fat mass. This association was independent of age, sex, height, pubertal stage, and socio-economic status. In the study of the younger group of children from one of the communities (Cambridge), similar findings were observed. These observations suggest, therefore, that poor fetal growth, as measured by low birth weight, is associated with a smaller proportion of lean mass later in life. Since skeletal muscle mass (and physical activity) regulates insulin sensitivity, this finding may influence the development of adult obesity.
Programming of behaviour, physical activity and energy intake
Behaviour, energy intake and physical inactivity all have an important impact on obesity. If these factors were programmable during early development, the prevalence of the metabolic syndrome, type 2 diabetes and CHD may be influenced in adulthood. If behaviour were programmed such that increased energy intake and decreased energy expenditure occurred, it would be reasonable to predict that obesity and features of the metabolic syndrome might occur. In an interesting experiment utilising maternal undernutrition throughout pregnancy, Vickers et al. (2003) investigated whether prenatal influences led to alterations in postnatal locomotor behaviour (Fig. 3) , independent of postnatal nutrition. Virgin Wistar rats were time-mated and randomly assigned to receive food either ad libitum (ad libitum group) or at 30 % of ad libitum intake (undernourished group). The offspring from undernourished mothers were significantly smaller at birth than control offspring. At weaning, offspring were assigned to one of two diets (control or hyperenergetic (30 % fat)). At the ages of 35, 145 and 420 d, voluntary locomotor activity was assessed. At all ages studied, the offspring from undernourished mothers were significantly less active than offspring born of normal birth weight for all parameters measured, independent of postnatal nutrition. Interestingly, sedentary behaviour in the programmed offspring was exacerbated by postnatal hyperenergetic nutrition (Fig. 4) . Importantly the authors showed that predispositions to obesity, altered eating behaviour, and sedentary activity were linked and occurred independently of postnatal hyperenergetic nutrition. Moreover the prenatal influence may be permanent, as the offspring of undernourished mothers were still significantly less active compared with normal offspring at an advanced adult age, even in the presence of a healthy diet throughout postnatal life. This finding may have particularly important ramifications. If confirmed, the concept of programmed behaviour predisposing to adult disease adds another tier of complexity in attempting to treat and manage adult disease. Clearly, additional studies are necessary in other animal models to confirm or refute this finding. Rats exposed to a reduced energy intake during gestation and a high-fat diet after weaning also develop greater appetites (Vickers et al. 2000; Breier et al. 2001) . In this study adult rats subjected to this exposure were shorter and fatter than appropriately nourished controls. Furthermore, the rats in the latter group had lower blood pressures, decreased fasting plasma insulin and lower leptin concen- Vickers et al. 2003.) trations. Thus, these data suggest that it is possible to programme appetite with important consequences for adult body composition. Evidence is accumulating suggesting that a relationship between leptin and adipose content may be established in early life. Given that leptin is an important regulator of appetite, this relationship may have important implications for the development of adult obesity. A positive association has been described between the concentration of leptin in cord blood and adiposity at birth (Phillips et al. 1999) . In a study of 502 men and women from the Hertfordshire cohort born in the 1920s and another study of 1462 women born between 1908 and 1930 (Lissner et al. 1999 ) the investigators have shown that, after adjustment for levels of current BMI, individuals who were small at birth had higher levels of leptin. Similar inverse relationships have also been described in pigs (Ekert et al. 2000) ; taken together these findings suggest leptin resistance in individuals with abnormal early development.
It also appears that infants with lower plasma leptin concentrations at birth and lower body weight tend to gain weight more rapidly in the first months of postnatal life (Ong et al. 1999) , suggesting that it is the increased availability of nutrients postnatally that may be responsible for subsequent obesity. This may be an explanation for the findings of adult studies in the UK (Power & Parsons, 2000) and Finland (Eriksson et al. 2001) showing that catch-up growth is associated with obesity. Whether the increased availability of nutrients programme leptin expression through the action of nutrient-sensitive hormones such as insulin or insulin-like growth factor-1 or whether these are direct effects on the adipocyte is presently uncertain.
Obesity and features of the metabolic syndrome may develop as a consequence of a programmed increase in appetite producing consequent weight gain, perhaps via a central effect in the hypothalamus. By reducing the litter size of rats to increase milk availability to the remaining pups, weight gain has been shown to occur rapidly in the remaining pups who become obese with features of the metabolic syndrome later in adult life (Plagemann et al. 1999 ). Interestingly these offspring had a marked increase in galanin-containing neurones in the arcuate nucleus of the hypothalamus, and galanin is a stimulator of food intake. Thus these data suggest that a factor or factors associated with increased food consumption, perhaps insulin or leptin or both, may modulate central appetite regulation producing adverse effects persisting into old age.
Mechanisms underlying the programming of body composition
The association between altered growth and CHD has led to the suggestion that the disease might originate from two phenomena associated with development; 'developmental, or phenotypic plasticity' and 'compensatory growth'. Phenotypic plasticity is the phenomenon whereby one genotype gives rise to a range of different physiological or morphological states in response to different environmental conditions during development (West-Eberhard, 1989 , 1998 . In considering the influence of genotype, Hattersley and Tooke have proposed that genetically determined insulin resistance results in impaired insulin-mediated growth in the fetus as well as insulin resistance in adult life. They have suggested that low birth weight, measures of insulin resistance in life, and ultimately glucose intolerance, diabetes, and hypertension could all be phenotypes of the same insulin-resistant genotype. In support of this proposal they suggest evidence to support the hypothesis. Insulin secreted by the fetal pancreas in response to maternal glucose concentrations is a key growth factor, and monogenic diseases that impair the sensing of glucose, reduce insulin secretion, or increase insulin resistance are associated with impaired fetal growth. For example, heterozygous mutations in the glucokinase gene associated with reduced insulin secretion, resulting from reduced glucose sensing by the pancreas, were linked to a 521 g decrease in birth weight in affected compared with unaffected siblings (Hattersley et al. 1998; Frayling & Hattersley, 2001 ). These authors suggest that polygenic influences resulting in insulin resistance in the normal Vickers et al. 2003.) population are likely to result in lower birth weight. Moreover, they propose that abnormal vascular development during fetal life and early childhood, as a result of genetic insulin resistance, could also explain the increased risk of hypertension and vascular disease (Hattersley & Tooke, 1999) . Thus, these authors suggest that the link between early development, subsequent type 2 diabetes and vascular disease could be the result of interaction between both genetic and fetal environmental factors. Gene-environment interactions are ubiquitous in development. Their existence is also demonstrated by the numerous experiments showing that minor alterations to the diets of pregnant animals, which may not even change their offspring's body size at birth, can produce lasting changes in their physiology and metabolism. These changes can include altered blood pressure, glucose and insulin metabolism and lipid metabolism (Kwong et al. 2000) . Evidence of gene-nutrient interactions in the pathogenesis of altered body composition may be important in the aetiology of the metabolic syndrome. For example, differential activity of specific nuclear receptors may be involved in the pathogenesis of the programming of obesity. Nuclear receptors such as the peroxisomal proliferator-activated receptors (PPAR) utilise lipids, or their metabolites, as physiological ligand activators. After translocation to the cell nucleus these receptor-ligand complexes act to regulate gene transcription, particularly regulating genes involved in fat and glucose metabolism and also adipogenesis. Thus, variant activity of these receptor complexes would be key candidates responsible for influencing the programming of obesity and the metabolic syndrome. Interesting recent data are beginning to support this hypothesis. Eriksson et al. (2002) have shown an interaction between birth weight and a polymorphism of the gene encoding PPAR-γ2 (PPARG2) in 476 elderly individuals in Helsinki. It has been suggested that the Pro12Ala polymorphism of the gene increases tissue sensitivity to insulin and thereby protects against type 2 diabetes. These authors showed that the Pro12Ala polymorphism only influenced fasting plasma insulin concentrations in men and women who had low birth weight. As expected, low birth weight was associated with increased plasma insulin concentrations as a marker of insulin resistance but was confined to individuals with the Pro12Pro polymorphism. The Pro12Ala polymorphism protected against this effect. Interestingly there was evidence of interaction between the effects of the gene polymorphism and birth weight (P=0·03 ; Table 1 ). Thus, these data provide interesting supporting evidence for interaction between a genotype that is known to be linked to altered function (PPAR-γ2 Pro12Ala and insulin sensitivity) and early development (birth weight) that affects the adult phenotype (fasting insulin levels as a marker of insulin resistance).
Suboptimal nutrition in utero may also act directly to limit insulin secretion and consequently increase protein breakdown, potentially impairing fetal growth and development. Concentrations of insulin-like growth factor-1 may also be reduced, limiting intra-uterine muscle growth (Gluckman, 1997; Gluckman & Harding, 1997) . Therefore a pattern of growth may be established that would favour adipose formation, limited muscle mass accumulation and programming of the metabolic syndrome in adulthood.
Although increasing evidence supports the notion that adverse early development can have a marked and longlasting impact on an individual's later life, it has been proposed that modifying adult factors such as weight rather than influencing birth weight is the key to altering the adult phenotype (Huxley, 2002) . In questioning the importance of early development to adult disease, it is stated that there is a lack of evidence for a 'dose-response' relationship between, for example, birth weight and hypertension (Zhao et al. 2002) . It has been suggested that any association between birth weight and adult hypertension may be explained by confounding factors, influencing both low birth weight and the adult phenotype.
Conclusion
Increasing evidence is accumulating to support the concept of the programming of obesity. Factors contributing to the phenotype of obesity may also be altered during early development. These factors include genotype, behaviour, appetite, physical activity and body composition as discussed. Other factors not discussed in the present review include changes in hormonal axes (Byrne & Phillips, 2000; Holt & Byrne, 2002) . For the future it will also be important to understand the regulatory mechanisms controlling each of these factors, and their interaction with offspring genotype. If we are to address the marked increase in prevalent worldwide obesity and type 2 diabetes, a better understanding of all factors regulating early growth and development, and all factors affecting adult body composition is crucial. 
